A simulation of two traffic-flow improvement scenarios is analyzed using the VISSIM microsimulation model and the CMEM modal emissions model. Both short-run and long-run emissions of CO, HC, NO x , CO 2 , and consumption of fuel are estimated. In the short-run, when traffic volumes are held constant, results demonstrate that the smoothing of traffic flow will result in a reduction in emissions. Simulation of long-run emissions is done by synthetically generating new trips into the simulated networks in order to represent potential induced travel. This is done until a "break-even" level of emissions for each pollutant and fuel consumption is reached that is equivalent to the base level before the traffic flow improvement was added. By also calculating short-run changes in travel time from the improvement the travel time elasticity equivalents for each pollutant can be calculated. These are compared with travel time elasticities in the literature to evaluate whether long-run emissions benefits are likely to endure.
INTRODUCTION
Recent research has clearly established that new highway or road capacity can induce additional vehicle travel, above and beyond that which is due to population and income increases (1) . This increased travel may be from new trips, mode shifts, longer trips or those generated by the development of previously inaccessible land. Modelling and estimating the details of the exact behavioral mechanisms can be quite complex and have eluded most transportation analysts. However, the basic behavioral change can be traced to traveller responses to the change in relative travel times and the change in relative accessibility of activities. Several recent studies have documented these effects using aggregate data (2, 3, 4, 5, 6, 7) . Land use reactions to new road capacity have also been modelled using disaggregate data and it has been shown that this can have a major impact on the magnitude of induced travel effects (8) . When the literature is reviewed, it provides strong support for the existence of a behavioral reaction to new capacity additions (1) .
One unanswered question is what the environmental impact of this induced traffic may be. The air quality effects are dependent not just on the quantity of the vehicle miles of travel (VMT) but also on the dynamic characteristics of that travel and the number of trips taken. For example, congested travel conditions may result in slower and more variable travel speeds and more stop and go traffic which could result in increased emissions relative to free flowing traffic (9) . It has been shown that synchronizing traffic signals can result in reduced emissions by smoothing the flow of traffic and reducing the hard vehicle accelerations that can cause major spikes in total emissions (10) . The generation of new trips will result in additional cold starts that can add significantly to total emissions since under cold start conditions the emission control system is not yet functioning at optimal temperatures. For short trips, the first few minutes of vehicle operation can account for the vast majority of all emissions.
Research has evaluated the impact on vehicle emissions of variation in travel demand elasticities (11, 12) . A comprehensive elasticity-based demand model was developed that enabled the to evaluation of different policy options. It was shown that suppressed demand due to congestion (i.e., the opposite of induced demand) results in lower emissions than if the suppression had not been modelled (i.e., if an elasticity of zero is assumed). One of the main conclusions was that the evaluation of emission benefits associated with a road project will be overestimated if induced travel effects are not considered (11, 12) . The analyses, however, The recent development of traffic micro-simulation models permits second-by-second vehicle behavior to also be modeled. VISSIM is one such package that is being widely used and that can be combined with a modal emissions database, such as CMEM (15) . This paper uses a combination of these modeling techniques to evaluate two hypothetical congestion reduction projects aimed at smoothing the flow of traffic. One is a capacity expansion of an arterial bottleneck while the other is the synchronization of traffic signals. Our method is to evaluate emissions for key pollutants before and after the change.
We then simulate the inducement of new trips until emissions for each pollutant are equivalent to their initial level. This provides us with an estimate of the amount of traffic that would need to be generated to eliminate the short-term emissions reductions from the flow improvement. Comparisons are made with estimates of induced travel elasticities as published in the literature to determine whether long term emissions benefits are obtainable.
The next section provides background on the VISSIM and CMEM models. We then specify the scenarios that were evaluated followed by the results of the simulations. We conclude with a discussion of induced travel elasticities as reported in the literature and the implications of our results for transportation and environmental policy. VISSIM is based upon the psycho-physical car following model for longitudinal vehicle movement and a rule based algorithm for lateral movements developed by Wiedemann (17) . The actual movement of the vehicles in VISSIM are based on behavioral assumptions regarding the desired speed and gap acceptance of drivers. As an initial assumption, vehicles follow each other with the same speed. If a vehicle is below its desired speed, which is determined stochastically, it will accelerate to that speed using the maximum possible acceleration for the given speed and vehicle type. As the vehicle closes on any vehicle in front, the vehicle will, after a slight reaction delay, decelerate to match the speed of the vehicle being followed. Should the desired gap distance be too small, the vehicle will react to avoid an accident by a sharp reduction in speed. Lane changing movements are also based on human decisions that are influenced by perceptions of surrounding vehicles in a similar fashion. VISSIM simulates traffic flow by moving "driver-vehicle units" through a network.
BACKGROUND ON VISSIM AND CMEM

VISSIM is
Every driver with specified behavioral characteristics is assigned stochastically to a specific vehicle. As a consequence, driver behavior corresponds to the technical capabilities of the vehicle. Attributes characterizing each driver-vehicle unit can be discriminated into three categories; these are 1) technical specification of the vehicle, which includes length, maximum speed, potential acceleration, actual position within the network, and actual speed and acceleration; 2) behavior of the driver-vehicle unit based upon the psycho-physical sensitivity thresholds of the driver, memory of driver, and acceleration based on current speed and the driver's desired speed; and, 3) interdependence of driver-vehicle units, including relative position of leading and following vehicles on own and adjacent travel lanes, relationship to the current link and the next intersection, and to the next traffic signal.
The traffic volume that enters a specific link in a specified time period can be input and within this time period, vehicles enter the link based upon a Poisson distribution.
To determine traffic signal synchronizations, the TRANSYT 9 model can be used to specify signal timing cycles and off-sets (18) . The representation of the network (link lengths, junctions and traffic signal details) in TRANSYT is the same as in VISSIM, thus making this process relatively simple. Further details of how these models were integrated is outlined in (19 There are also four operating conditions in the model. These are, 1) the variable soak time start; 2) stoichiometric operation; 3) enrichment; and 4) enleanment. Hot stabilized operation encompasses conditions 2 through 4 and the model determines in which mode the vehicle is operating at a given moment by comparing the vehicle power demand with two power demand thresholds. The model does not determine initial soak times. These are specified by the user and represent the amount of time the vehicle has not been operating prior to being started. The model determines when the operating condition switches from a cold start condition to fully warmed-up operation. In the simulations that follow, we assume both a soak time of 9 hours (i.e., cold start operations) and 0 hours (hot-stabilized operations).
The vehicles used in the CMEM database are representative of those in Riverside County, California, in about 1997 when the data was collected. Clearly, the actual emissions from the current and future fleet will be relatively less as stricter emissions regulations are implemented in both the US and the European Union. However, the California fleet is also generally cleaner than the US national average due to stricter emission standards. Despite these limitations, for the purposes of this analyses, this is the best and most recent modal emissions database available.
To conduct the analysis that follows we used the outputs generated from simulation scenarios specified in VISSIM and adjust these for input into the batch mode of operation for the CMEM model. The batch mode has the advantage of tracking the vehicle operating history and therefore is more accurate than using the CMEM look-up tables. Full details are available in (19) .
SIMULATION SCENARIOS
Two scenarios aimed at smoothing the flow of vehicle traffic were analyzed. The first is the merger of two arterial highways with a three-lane and two-lane highway merging into a threelane highway. This is a typical bottleneck that disrupts traffic flow when congested and a typical solution would be to add an additional lane at the point of merger and downstream from the merger. We specify the highway as an urban priority arterial of functional category III, as defined in the Highway Capacity Manual (20) . The width of the lanes is 3.6 meters and the length within each link is 1.5 km. Only one direction of vehicle movements is simulated. This scenario is shown diagrammatically in Figure 1 .
The initial traffic volume for our "base case scenario" is 2310 vehicles per hour, equivalent to a level of service E for the merged road, which indicates a relatively congested network. The upstream traffic volume is split between the two merging roads in proportion to the number of lanes (i.e., 3:2). Traffic is normally distributed over the one-hour period of the simulation in order to approximate a one-hour peak period. Vehicles enter the simulation with a random Poisson distribution. The vehicle types are kept proportional to the sample of vehicle types used in the CMEM model (14) . Specific humidity was set to 75 grains of water per pound of dry air, which corresponds with the conditions under which the vehicles were tested. The desired speed distribution in the VISSIM model was assumed to be logistic with lower and upper limits of 40 km/h and 70 km/h respectively (other desired speed assumptions are discussed and evaluated further below). A time-step of 1 second was used. Recent work has found that a 1 second time step in VISSIM best replicates macroscopic traffic flow behavior (21) .
Two sets of simulations are tested for each scenario, one with soak time set to 9 hours and the other with soak time set to 0 hours. In the former case this means that all vehicles are operating under cold start conditions which would be typical of a morning commute period; in the latter case, it implies that all vehicles are running under hot-stabilized conditions in which the emission control system is operating most efficiently. This latter case is less realistic, but does set a lower bound on the potential emissions that are simulated.
This lane configuration and the traffic conditions represent the "base case" and we estimate initial levels of emissions for CO, HC, NO x , CO 2, and consumption of fuel from this simulation. We then add an additional downstream lane and again simulate the level of emissions with the same volume of traffic, which is now free-flowing. Traffic volumes are then incrementally increased by one percent and simulated emissions recalculated. This was repeated until we reached a "break-even" point for each pollutant. The synthetic generation of new trips that are fed into the simulation essentially assumes that these have been induced by the traffic flow improvement.
The second scenario was to test the impact of the coordination of traffic signals along a road corridor. A four lane road with two lanes in each direction was simulated. The total length was 1.5 km and lane widths were 3.6 meters. Three traffic signals were placed along the road and in the "base case" scenario the signals were not coordinated. This scenario is shown in Figure 2 .
The traffic volume for the peak-hour flow direction is 1250 vehicles per hour, which corresponds to a level of service C and for the non-peak direction is 600 vehicles per hour.
The travel demand is assumed to have a uniform distribution. This is because it is assumed that the presence of the other traffic signals in the network, which are not simulated, control the flow of vehicles entering the simulated link. The timings of the traffic signals are coordinated using the TRANSYT model (described previously). Other settings for VISSIM and CMEM were as described previously under scenario 1.
Since VISSIM uses stochastic simulation, when comparing simulation results it is necessary to specify a constant random seed for each simulation. This specifies the starting point of the simulation and by keeping the same random seed for each comparable simulation the outputs can be compared. We also conducted some limited sensitivity analyses of varying the random seed and found that this resulted in less than a two percent variation in results. For more detailed analyses it would be desirable to average the results of multiple simulations with different random seeds, but this was not done for this research. The results of our sensitivity analyses suggest that this would not significantly effect the reported results.
SIMULATION RESULTS
Results for the two scenarios described above are shown in Tables 1 and 2 for the case where all vehicles are operating under cold start conditions, which would likely be the case if these vehicles were engaged in a morning commute. In each case we initially calculate "base case" conditions including the average travel time for all vehicles that travel through the simulation.
As can be seen in Tables 1 and 2 , the initial conditions after the capacity increase or signal synchronization results in a reduction in travel time and total emissions for each pollutant.
For scenario 1 (Table 1) Tables 1 and 2 for scenarios 1 and 2 respectively. For example, for scenario 1 (Table 1) , when the traffic volume reaches 2580 vehicles per hour, HC emissions are equivalent to 13.01 kg (the base case). This means that for the same level of total vehicle emissions one can achieve an increase of 14.87 percent in the number of vehicles on the simulated network.
In both scenarios travel times do not decrease to the base case level until significantly more vehicles are using the network. Clearly, if the goal is allowing more vehicles to use the network without increasing overall delay, then these type of policies can be relatively effective.
The impact on emissions is less encouraging. Emissions for each of the pollutants reaches its base case level with relatively small increases in total traffic volumes. For the synchronization of traffic signals ( These results assume that all vehicles are operating under cold start conditions (i.e., a 9 hour soak time in the CMEM model). Therefore, the simulations can be considered to represent morning peak hour traffic. The new vehicles that are input into the network all represent newly generated trips, rather than trips diverted from other times of day or other routes. More detailed simulations may be able to consider these effects more fully, however, these results do represent a major component of potential induced travel.
For comparison, both scenarios were tested using a soak time of 0 hours which is equivalent to hot-stabilized vehicle operation (i.e., with the emission control system operating at optimal performance). These results are shown in Tables 3 and 4 . The total emissions in the base case are substantially lower for HC, CO, and NO x due to the elimination of any cold starts in the simulations. In most cases the emissions are over 50% less than in the scenarios under cold start conditions (Tables 1 and 2 ). This clearly highlights the importance of properly accounting for cold starts in the simulation. Note that CO 2 emissions and fuel consumption are essentially the same as they are not affected by the catalytic convertor (actually, the catalyst may marginally reduce efficiency and CO 2 emissions are marginally higher in scenario 2 under hot-stabilized operations).
Breakeven points are consequently much higher as can be seen in the lower part of Tables 3 and 4 . For example, the breakeven point for HC emissions under scenario 1 is now 2813 vehicles as compared to 2580 vehicles in the cold start simulation. CO 2 breakeven points are essentially the same since the catalytic convertor has no beneficial effect on CO 2 emissions.
In the scenarios with hot-stabilized emissions we are essentially not inducing new vehicle trips since we are not modelling cold start emissions. One interpretation of this could be that these vehicles are being shifted from other routes or other times of day which would not represent induced travel or increases in VMT. Therefore one would need to estimate the reduction in emissions on alternative routes or time periods to accurately assess net impacts.
The scenarios with hot-stabilized emissions can only be interpreted as an upper bound on possible effects as in reality one would expect new trips to be generated and some mix of vehicle operating modes to be affected by any traffic flow improvement.
Sensitivity analysis was also performed to test various assumptions used in the VISSIM micro-simulation package. In particular, we examined the "desired speed" distribution used by VISSIM. Variation in this parameter can change the relative aggressiveness of the driving behavior simulated, in terms of the relative speeds and accelerations that are simulated. The base case simulation assumed that the desired speed is between 40-70 km/hr and that it follows a logistic distribution. This distribution would imply that most vehicles are in the mid-range of the desired speed bracket with fewer slower and faster vehicles in the extremes of the distribution. In our sensitivity analyses we examined five other speed distributions all with a linear distribution of desired speeds.
The emissions calculated with these alternative desired speed distributions using the network of scenario 1 are compared to the base case results for scenario 1 in Table 5 . In general, the percent difference is relatively small, and in most cases less than 7 percent. Only in one case does the emissions level increase by more than 10 percent for CO and over 20 percent for CO 2 and fuel consumption. This is with a desired speed distribution of 30-70 km/hr. It is not clear why this results in a larger difference other than that this case has the lowest level of desired speeds compared to the other cases. Further investigation of this has not been examined but this is an area that could be analyzed in more detail to determine how the micro-simulation parameter settings affect the absolute value of emissions that are estimated.
INDUCED TRAVEL ELASTICITIES
One of the key questions associated with policies to improve traffic flows is whether the emissions benefits achieved in the short-run will endure in the long-run. If the traffic flow improvement actually induces new trips or longer trips, then it is unclear how long these benefits may last. As can be seen by the results in Tables 1 and 2 In the scenarios with hot-stabilized operation in which there are no new trips generated, the absolute value of the elasticities are all less than 1.0, but are substantially higher than when new trips are assumed to be generated. This calculation does not include possible net reductions in emissions that would come from the diversion of this increased traffic from elsewhere. For scenario 2, the absolute value of the elasticities all exceed 1.0.
These results represent a potential upper bound on the elasticity effects, although as stated previously net emission changes are not calculated.
The elasticity derived from the change in travel times is -2.86 and -3.16 for scenario 1 and 2 respectively. This implies that even though emissions are likely to increase above the base case when new trips are generated, travel time improvements will tend to endure.
However, this also assumes that no additional trips are diverted from other times and routes, which could further degrade travel times as well as have a further impact on emissions.
Therefore, while we don't count diverted emissions in the hot-stabilized scenarios we also don't count potential diverted emissions in the cold start scenarios which could actually increase total emissions.
Another source of uncertainty may actually lead to lower break-even points. Many trips will be longer if travel speeds are reduced. Our simulation does not consider extra emissions from longer trips but only new trips that are generated in response to the travel time reductions. If trip distances increase, the break-even points would be lower, further diminishing the initial reduction in emissions.
DISCUSSION AND IMPLICATIONS FOR POLICY
This research has analyzed how traffic-flow improvement projects can potentially affect pollutant emissions and fuel consumption in both the short-term and the long-term. This was accomplished by using the VISSIM micro-simulation package and the CMEM emissions (22) . We would recommend that these type of projects receive more detailed modeling in the future to more accurately assess their emission benefits before CMAQ funding is allocated and before these projects are used as a means of attaining conformity with state implementation plans.
In the UK and Europe, one key area of policy is the redistribution of traffic between modes, for example by using road capacity for bus lanes or for pedestrianized areas.
Essentially, this an attempt to suppress demand. Research in the UK has documented many case studies showing the potential suppression of traffic from capacity reductions (23) .
Critics would contend that these policies would increase total emissions since traffic will now be more congested. Further analyses (not shown) suggests a parallel effect to what has been derived here for induced travel (19) . That is, the long-term suppression of traffic would be enough to off-set any increases in emissions from reduced traffic flow.
Further research in this area can provide additional robustness to these results. In particular, additional sensitivity analyses to explore how various micro-simulation input parameters may vary the simulated outputs. We have examined various "desired speed" distributions but not in extensive detail. Development of more extensive networks would allow analyses of dynamic routing to capture some effects from trip diversion and also changes in trip lengths. This would also allow a fuller mix of different vehicle operating modes to be captured (i.e., cold starts and hot-stabilized operations). Analyses of different network configurations and how their relative effect on emissions may vary would also be informative. The benefits of this research is that we need no prior information on actual behavior related to travel demand but can focus purely on aggregate effects using highly disaggregate vehicle behavior simulations, as has been demonstrated by our results. 
